, have vital and diverse biological functions. We recently reported that Efnb3 gene deletion results in hypertension in female but not male mice. These data suggest that EFNB3 regulates blood pressure in a sex-and sex hormone-dependent way. In the present study, we conducted a human genetic study to assess the association of EFNB3 single nucleotide polymorphisms with human hypertension risks, using 3,448 patients with type 2 diabetes from the ADVANCE study (Action in Diabetes and Vascular Disease: Peterax and Diamicron MR Controlled Evaluation). We have observed significant association between 2 SNPs in the 3′ untranslated region or within the adjacent region just 3′ of the EFNB3 gene with hypertension, corroborating our findings from the mouse model. Thus, our investigation has shown that EFNB3 is a hypertension risk gene in certain individuals.
phenotype in Efnb3 KO mice is reversed after gonadectomy: castrated KO males become hypertensive, while ovariectomized KO females, normotensive 29 ; on the other hand, male but not female Efnb2 and Ephb4 KO mice are hypotensive 27, 30 . The findings from the above-mentioned mouse studies prompted us to investigate the relevance of EPHB and EFNB BP-regulating function to human hypertension. Indeed, we have previously revealed that 5 single nucleotide polymorphisms (SNPs) in the EFNB2 gene are associated with hypertension in male patients in the ADVANCE (Action in Diabetes and Vascular Disease: Peterax and Diamicron MR Controlled Evaluation) study 30 , a clinical trial in type 2 diabetes (T2D) 32 . Also, a SNP in the GRIP1 gene, whose product is in the EFNB3 signalling pathway, is approaching the Boferroni-corrected p-value in International Blood Pressure Consortium cohorts 31 . As a continued effort to establish the relevance of our mouse findings to human hypertension, we queried the association of SNPs in the EFNB3 gene to hypertension in ADVANCE. We restricted our query specifically to EFNB3, excluding other EPH/EFN genes to a penalty from excessive multiple testing. The results reveal that 2 SNPs in the EFNB3 gene were significant for their association with hypertension in T2D patients.
Methods
Patient population. The patient cohort consisted of 3,448 patients with T2D of European descent and at high risk for macrovascular or microvascular diabetes complications who were recruited in the ADVANCE clinical study, a factorial, multicentre, randomised controlled clinical trial of 11,140 participants recruited from 215 centers in 20 countries 32, 33 . All individuals were T2D subjects 65 years old or older, or they were T2D subjects 55 years old or older who were diagnosed at age of 30 years or older, and had one of the following: a history of major macrovascular disease; a history of major microvascular disease; diagnosis of T2D over 10 years prior to entry into study; presence of another major risk factor for vascular disease including: smoking, dyslipidemia, microalbuminuria.
The 3,448 patients were classified as normotensive or hypertensive. Hypertension was defined as treated for hypertension or having a measurement of systolic pressure > 140 mm Hg or diastolic pressure > 90 mmHg at entry into the study. As detailed in Table 1 , 70.5% and 78.8% of male and female cases, respectively, who were admitted into the study were under anti-hypertensive treatment, This 140/90 mmHg threshold for hypertension diagnosis for the remaining cases and controls was adopted according to the U.S. National Institute of Health guidelines proposed for hypertension diagnosis 34 , and this threshold is used in most clinical trials including the ADVANCE study 32 . There were 2219 males in the cohort of whom 1794 were hypertensive and 425 were normotensive. There were 1229 females of whom 1016 were hypertensive and 213 were normotensive. There were 4.4 times as many hypertensive as normotensive diabetic subjects and 1.8 times as many males as females.
Ethics statement. This human genetic study was carried out in accordance with relevant guidelines of the participating institutions. The research protocol was approved by ADVANCE Study Ethics Committees. Informed consent was obtained from all the subjects used in this study.
Genotyping and data analysis. The 3,448 individuals were genotyped for 724,847 SNPs with Affymetrix Genome-Wide Human SNP Arrays 5.0 or 6.0 at the genomic platform of the CRCHUM. A further 8,117,344 SNP genotypes were then imputed with the IMPUTE2 program 35, 36 . A subset (147,088) of the genotyped SNPs that were in Linkage equilibrium (at r 2 ≤ 0.8) was selected to perform a principal component (PC) analysis. using the Eigenstrat software 37 in order to test for population stratification in the European wide sample. The first two independent principal components from this analysis (PC1 and PC2) which account for the majority of the covariance among genotypes due to population structure were able to clearly separate samples according to geographic origin within Europe and were subsequently used as covariates in the association analysis to correct for any population stratification effects. Association analysis was performed for 39 SNPs, 2 genotyped and 37 imputed, that fell within the 25,066-bp region of the EFNB3 gene plus additional 10-kb stretches 5′ and 3′ of the gene, between positions 7,599,260 and 7,624,326 (Build 37/hg19) on chromosome 17. Association analysis was performed for males-only, females-only and combined male and female samples of hypertensive patients versus normotensive controls using SNPTEST, the companion program to IMPUTE2 35, 36 . A logistic regression model with additive genotype coding and with PC1, PC2, age, body mass index (BMI), and genotyping batch and genotyping array (5.0 Vs. 6.0) as covariates was used to perform the association tests. Sex was also included as a covariate for the combined analyses of males and females. The number of tagging SNPs among the 39 analyzed SNPs located within the gene region was determined for an r 2 value > 0.8 and a minor allele frequency cut-off of 0.05 using the LDSELECT program 38 . Seven tag SNPs were identified across the EFNB3 region for the CEU population (Utah residents with ancestry from northern and western Europe), indicating the presence of 7 independent LD blocks and 7 independent tests across these genotypes. We therefore corrected for 7 independent tests for 3 sets of analysis (males only, females only and combined) resulting in 21 independent tests and thus used a Bonferroni significance threshold of 0.05/21 giving a critical p-value of 0.0024, or a critical −log10 p-value of 2.62. We note that this correction is conservative. The male only and female only samples are subsets of the combined sample, so that the combined sample does not represent a set of completely new independent tests. Nevertheless the patterns of association of SNPs are such that this over-correction is of little concern (see Locus Zoom plots below).
Results
The levels of two cardiovascular disease-related biomarkers, troponin T and brain natriuretic peptide (BNP), in the sera of the hypertension case and control subjects were registered. The levels of these two biomarkers were significantly elevated in both male and female cases, compared to those of the controls (Fig. 1) . High serum troponin T levels reflect myocardium damage 39 , which is often a complication of hypertension, while BNP levels have been reported to be progressively elevated with increasing severity of hypertension, particularly when left ventricular hypertrophy is present 40 . Thus, the elevation of both these biomarkers in the hypertension cases serves as a validation for the presence of hypertension and/or its complications in these subjects.
The results of association analysis of the 39 SNPs present within the EFNB3 gene and surrounding regions and hypertension are presented in Table 2 and Fig. 2 . Two SNPs with reference SNP cluster ID 3744263 (rs3744263) (genotyped) and rs7141 (imputed) located within the 3′ untranslated region (3′ UTR) of the EFNB3 gene were associated with hypertension at p-values below the Bonferroni critical p-value for the combined sample (0.00034 and 0.00026, respectively) and for the males-only sample (0.00148 and 0.00195, respectively). The p-values for the females-only sample for these SNPs were nominally significant but not significant when corrected for multiple testing (0.047 and 0.038, respectively). These two SNPs were in high linkage disequilibrium (LD) (r 2 = 0.896, CEU) (Fig. 3) , so that most likely they are both serving as proxy for a functional polymorphism, probably located within the 3′ UTR of EFNB3. Table 3 shows the allele frequencies for the two SNPs, rs7141 (A and G) and rs3744263 (C and T) along with odds ratios and their confidence limits for the combined sample, and for the male-only and the female-only samples. For both SNPs, the major allele (A or C) was more frequent among cases than among controls, in combined sample, males-only sample and females-only sample. The minor allele (G or T) was more frequent among controls in all the samples. Both SNPs had essentially the same major allele odds ratios in all the samples, which were higher among males than females (1.364 versus 1.249 for rs7141, 1.364 versus 1.242 for rs3744263), although the difference was not significant. Table 4 presents the results of a test of independence of allele frequencies between males and females for cases and controls. Although the associations between hypertension and the 2 SNPs were significant in males and combined samples but not in females as shown above in Table 1 , the χ 2 tests of independence in both sexes were not significant for either cases or controls, suggesting that allele frequencies are not significantly different between cases and controls in both sexes. The major allele frequencies for both SNPs (A and C) were slightly higher among the male cases, but the difference was not significant. The major allele frequencies among male and female controls were essentially the same. These tests suggest that the association of the 2 SNPs to hypertension is similar between male and female subjects. Table 1 . Numbers and percentages of hypertension cases and controls based on 140/90 mmHg or 160/100 mmHg cut-offs. The numbers and percentages of cases and controls recruited into the study are provided based on whether they were actively treated, or based on BP measurements at the entry of the study. This information is calculated on 2 putative different BP cut-offs, i.e., 1) > 140 or > 90 mmHg for cases, and < 140 and < 90 mmHg for controls; 2) > 160 or > 100 mmHg for cases and < 130 and < 80 mmHg for controls. Means and SD of SBP (systolic blood pressure) and DBP (diastolic blood pressure) are also listed. For those cases actively treated for hypertension, since we do not have their real BP reading in the absence of medication, and they cannot be used in the in the high cut-off scenario, they are labels as "Actively treated so cannot be used" in the 160/100 mmHg cut-off group.
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Discussion
Our genetic investigation in patients recruited from the ADVANCE study revealed significant association of 2 SNPs within the EFNB3 gene with hypertension in T2D patients. This finding corroborates our results obtained from Efnb3 KO mice based on in vivo, ex vivo and in vitro experiments, which showed that EFNB3 deletion results in hypertension 29 . In this human genetic study, we have two inclusion criteria for hypertension cases: 1) patients under active anti-hypertensive treatment; the majority (73.5%) of the cases are in this category; or 2) patients with > 140 mmHg for systolic or > 90 mmHg for diastolic pressure. The 140/90 mmHg threshold is adopted for this study based on the U.S. National Institute of Health guidelines 34 , and this threshold is also used in most clinical trials including the ADVANCE study 32 . There could exist some "white-coat hypertension" when the 140/90 mmHg threshold is used. However, the reported incidence of "white-coat hypertension" is about 15-30% in subjects diagnosed with elevated office blood pressure measurements 41, 42 . In our study, since only 26.5% of the hypertension cases were recruited based on office blood pressure measurement at the time of recruitment, the possible contamination of "white-coat hypertension" in this group will only be 15-30% of 26.5%, i.e., a negligible 4-8% of the total hypertension cases.
If we adopt a higher BP cut-off threshold for the inclusion criteria, such as > 160/100 mmHg, to reduce the potential contamination from "white-coat hypertension", we will not be able to use all those patients recruited based on prior diagnosis and under active anti-hypertensive treatment as cases. Therefore, we would lose 70.5% and 78.8% of our total male and female cases, respectively, who are certainly not experiencing "white-coat hypertension". This will greatly reduce our statistical power. Based on these considerations, for better statistical power, we adopted the classical 140/90 mmHg threshold for the definition of hypertension for those recruited based on their BP measurements.
No genes in the EPHB/EFNB family were identified as hypertension risk genes in several large-scale GWAS [43] [44] [45] [46] [47] [48] [49] [50] [51] , including that of the International Blood Pressure Consortium (IBPC) 43 . It is possible that the contribution of genes in the EPHB/EFNB family to the BP phenotype is relatively small, and the possible association is rendered undetectable due to heavy multiple testing statistical penalties in GWAS. We then specifically queried the IBPC dataset for association of EFNB3 and a group of related genes with blood pressure. The results have been published recently 31 . The SNPs in the region of EFNB3 gene are highly under-represented in the ICBP meta-analysis genotype map, and no significant association of available EFNB3 SNPs with blood pressure is revealed. However, we noticed that the p-value of a SNP in GRIP1, a signalling molecule in the EFNB3 signalling pathway, is 0.000389, approaching the Bonferroni-corrected critical p-value of 0.000302. Considering the very conservative nature of Bonferroni correction, it is indicative of the implication of EFNB3 in BP control.
Why can we detect the association of 2 EFNB3 SNPs with hypertension in the ADVANCE study but none in the IBPC dataset? One possible reason is that these 2 studies have different inclusion criteria of samples. The ICPB meta-analysis avoids diabetic patients and attempts to reflect the range of blood pressures of the general population, while the ADVANCE samples are all diabetic patients. Then why can we detect a significant GRIP1 SNP but not EFNB3 SNPs in the IBPC study? GRIP1 is in the signalling pathways of several other EFN/EPH molecules (e.g., EPHB6 and EFNB1), and these molecules are also involved in BP regulation 26, 28 ; consequently, GRIP1 might carry higher statistical weight than EFNB3 in BP control, hence the detection of its SNP association with BP.
The 2 SNPs for which significant association was found (Table 2 ) are all in the 3′ untranslated region or within the adjacent region just 3′ of the EFNB3 gene (Fig. 2) , and are in LD (Fig. 3) . None of the 2 SNPs were found to alter directly sequences involved in well-defined functions such as messenger stability (UA-rich sequences), binding sites for microRNA species which may induce increased mRNA turnover, or alter the poly (A) tail which is also involved in mRNA stability. These SNPs are in LD and may be serving as proxy for an unidentified polymorphism that is affecting these functions. However we are not able, at this time, to pin-point the exact functional polymorphism.
In mice, the female Efnb3 KO manifested BP increase, but in female T2D patients, the 2 SNPs in the EFNB3 gene were not significantly associated with hypertension. There was no significant difference between males and females, for both cases and controls, with regard to major allele frequency. A lack of detection of the association of 2 SNPs to hypertension in female was possibly the result of insufficient statistical power due to a small female T2D patient sample size, as only 1229 females (1016 hypertensive and 213 normotensive) were genotyped. A second reason could be that the T2D females in the ADVANCE study are all above 55 year old, and likely to have reduced estrogen levels. We demonstrated that EFNB3′ s role in BP was estrogen-dependent, as female KO mice after ovariectomy no longer had increased BP 29 . It is therefore conceivable that with a larger female patient sample size and a younger population, these 2 SNPs might become significantly associated with hypertension in females.
In mice, Efnb3 KO males were normotensive and they only became hypertensive after castration, indicating that testosterone in the absence of EFNB3 is protective against hypertension. However, in male T2D patients, 2 EFNB3 SNPs (rs7141 and rs3744263) were significantly and positively associated with hypertension. There could be several possible explanations. 1) The minimal age of male patients in the ADVANCE study was 55-years old. Plasma total testosterone levels range from 270 to 1,070 ng/dL in "normal" adult males 52 . Considering 346 ng/ dL as a cut-off for the diagnosis of hypogonadism, as recommended by the International Society for the Study of the Aging Male, about 30% of men older than 40 years are hypogonadic 53 . Further, male patients with the metabolic syndrome are prone to hypogonadism 54 . Therefore, it is conceivable that more than 30% of the male patients in the ADVANCE study suffer from hypogonadism, reminiscent of the reduced testosterone levels in the castrated Efnb3 KO males. Therefore, for the ADVANCE patients with EFNB3 mutations, they might have lost the protective effect of testosterone. Indeed, some reports indicate that hypogonadism in men, whether evoked by ageing, diabetes, chemical castration or other unidentified factors, correlates with hypertension [53] [54] [55] [56] [57] [58] [59] . It is possible that some of these hypogonadic hypertension patients suffer from EFNB3 mutations, and the concerted effect of lower testosterone levels and EFNB3 mutation renders them prone to hypertension, as is the case in castrated Efnb3 KO mice. 2) Another contributing factor could be that these T2D males are generally overweight or obese. Adipose tissues are rich in aromatase, a rate-limiting enzyme converting testosterone to estrogen 60 . Therefore, obese males tend to have relatively higher estrogen levels, which in the absence of EFNB3, could increase BP, as we have demonstrated in our Efnb3 KO mouse model 29 . Hence, the ADVANCE cohort provides us with a unique situation to reveal the association of the EFNB3 SNPs with hypertension in these male T2D patients. 3) In this genetic study, we demonstrated that 2 SNPs in the EFNB3 genes were associated with hypertension in males, but the association could be either positive or negative. If the association is negative in male humans, it is not incompatible with our findings that male KO mice show no increased BP.
In the discussion of the two previous paragraphs regarding the discrepant results from the Efnb3 KO mouse model versus those from the current ADVANCE study regarding the sex differences, we assumed that the mutation in the EFNB3 gene in this study is a loss-of-function one. However, there is no evidence that this is the case. The responsible mutations in LD with the 2 significant SNPs could actually result in alteration-of-function or gain-of-function. If that is the case, there would be concordance between our findings that EFNB3 deletion in Table 3 . Odds ratios and 95% confidence intervals for odds ratios for SNPs rs7141 and rs3744263 for combined male and female samples, for males-only samples and for females-only samples. a 95% CI = 95% confidence interval of odds ratio.
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In summary, in this study, we discovered a significant association of 2 SNPs in the EFNB3 gene with hypertension in a human genetic study. This has opened a new area of investigation into the pathogenesis, diagnosis and personalized therapy of hypertension. Table 4 . Tests for independence of sexes with respect to allele frequencies for SNPs rs7141 and rs3744263.
